Caloric restriction (CR) increases the preservation of the ovarian primordial follicular reserve, which can potentially delay menopause. Rapamycin also increases preservation on the ovarian reserve, with similar mechanism to CR. Therefore, the aim of our study was to evaluate the effects of rapamycin and CR on metabolism, ovarian reserve, and gene expression in mice. Thirty-six female mice were allocated into three groups: control, rapamycin-treated (4 mg/kg body weight every other day), and 30% CR. Caloric restricted females had lower body weight (P < 0.05) and increased insulin sensitivity (P = 0.003), while rapamycin injection did not change body weight (P > 0.05) and induced insulin resistance (P < 0.05). Both CR and rapamycin females displayed a higher number of primordial follicles (P = 0.02 and 0.04, respectively), fewer primary, secondary, and tertiary follicles (P < 0.05) and displayed increased ovarian Foxo3a gene expression (P < 0.05). Despite the divergent metabolic effects of the CR and rapamycin treatments, females from both groups displayed a similar increase in ovarian reserve, which was associated with higher expression of ovarian Foxo3a.
Introduction
Ovarian aging is associated with depletion of the ovarian follicular reserve. The reserve is most often measured by basal follicle stimulating hormone (FSH) or anti-Mullerian hormone (AMH) levels, but most accurately by ovarian biopsy primordial follicle count. Primordial follicle levels are defined during fetal life in women (Te Velde et al. 1998 ) and soon after birth in mice (Peters 1969) . The primordial follicles are continuously recruited from the reserve in an irreversible process and may undergo ovulation or become atretic (Baker 1963) . The recruitment and activation of primordial follicles leads to the depletion of the ovarian reserve, culminating in the onset of menopause in women (Liu et al. 2006) . Thus, activation of the otherwise quiescent primordial follicles is a fundamental step in the depletion of the ovarian reserve. An understanding of this process is crucial to improving female fertility and health in older ages. The transplant of young ovaries to older females can prolong lifespan and suggest the pivotal role of the gonads to the health decline in postmenopausal women (Habermehl et al. 2019) . Some studies also suggest that genetic parameters are determinant for age at menopause (Shi et al. 2016) , which can be implicated in overall lifespan and healthspan in women.
Activation of the primordial follicles is a process regulated by several pathways. One of the major signaling pathways implicated in this process is phosphoinositide-3-kinase (Pi3k)/protein kinase B (Akt1) and its effector, the Forkhead Box Transcription Factor O3a (Foxo3a) (Castrillon et al. 2003) . In primordial follicles, the phosphorylation of Foxo3a is associated with oocyte growth and irreversible activation (Castrillon et al. 2003) . The hyperactivation of the Pi3k/Akt pathway results in hyperphosphorylation of Foxo3a, which facilitates exportation of FoxO3a from the nucleus to the cytoplasm, culminating in the activation of multiple primordial follicles and ultimately leading to premature depletion of the ovarian reserve (Kalich-Philosoph et al. 2013) . Growth hormone (GH)-deficient Ames dwarf (df/df) mice display decreased activation of primordial follicles associated with increased Foxo3a gene expression and decreased Foxo3a protein phosphorylation (Schneider et al. 2014b; Saccon et al. 2016) . Similar characteristics are found in df/df mice subjected to caloric restriction (CR) (Bartke 2005) , including increased longevity, very low levels of insulin like growth factor 1 (IGF-1) and insulin (Bartke 2008) , and reduced phosphorylation of Foxo3a (Barzilai et al. 2012) .
A level of CR between 20 and 40% without compromising the ingestion of essential nutrients (Genaro et al. 2009; Cantó and Auwerx 2009) can preserve the ovarian reserve in female mice and rats (Shi et al. 2013; Li et al. 2015) . Eight week old female mice on CR maintain an increased proportion of primordial follicles, indicating decreased follicle activation and a threefold increase in expression of AMH (Shi et al. 2013 ), a common marker of ovarian reserve (Broer et al. 2014) . Mice under CR from 3 to 15 months of age have prolonged fertility once returned to ad libitum feeding and were able to generate more pups in older ages when ad libitum fed mice had already became infertile (Selesniemi et al. 2008) .
Rapamycin is an immunosuppressive drug (Wullschleger et al. 2006) and is recognized as a mimetic of CR (Powers et al. 2006) . Rapamycin inhibits the mechanistic target pathway of rapamycin kinase (mTOR; Sarbassov et al. 2006 ), more specifically the mTORC1 complex, which is sensitive to rapamycin (Blagosklonny, 2010) . Studies suggest that mTOR may also be involved in the activation of primordial follicles along with Foxo3a and that suppression of mTOR signaling in oocytes could preserve primordial follicles in quiescent state (Adhikari et al. 2009 ). In rats under CR, there was also suppression of mTOR signaling activity and decreased primordial follicle activation . In contrast, treatment of mice with activators of the AKT and mTOR pathways increased the number of antral follicles accompanied by a decrease in primordial follicles (Cheng et al. 2015) . This further suggests a role for the PI3K/AKT and mTOR pathways in primordial follicle activation and for the modulatory effects of CR and rapamycin in this process. Short-term treatment of young and middle-aged mice with rapamycin decreased primordial follicle activation and was able to improve fertility rates after the end of treatment (Dou et al. 2017) .
The decreasing number of follicles with advancing age is accompanied by decreased oocyte quality (Broekmans et al. 2009 ) due to accumulation of DNA damage and is also associated with decreased embryo quality and consequent higher frequency of abortions and increased chromosomal abnormalities (Fujimoto et al. 2011) . A delay in oocyte depletion of the ovarian reserve as well as maintenance of oocyte quality would be essential to prolong female fertility (Treff et al. 2016) . Therefore, the aim of this study was to evaluate the effects of rapamycin and CR on metabolism, ovarian reserve, and ovarian gene expression in mice.
Materials and methods

Animals and treatment
This study was approved by the Committee on Ethics in Animal Experimentation of the Universidade Federal de Pelotas (UFPel), number 23110.009349/2016-31. Thirty-six 30-day-old female C57BL/6 mice, maintained under controlled conditions (22 ± 2°C, cycles of 12 h light/12 h dark and 40-60% humidity), were used. The mice were housed in groups of four animals per cage. The 36 mice were randomly allocated into three groups: control group (n = 12), rapamycin (n = 12), and 30% CR (n = 12) and treatments lasted for 93 days. All mice were fed a standard ration for rodents (Nuvilab® CR-1 with 50 g/kg of fat and 220 g/kg of protein) and water ad libitum. Control and rapamycin groups received ad libitum feed. In the CR group, a 30% lower amount was offered, based on the average weight of the food consumed during the previous week in the control group. All mice were allowed a week of adaptation before beginning of treatments. CR females started the week after the adaptation period with a CR of 10%, the next week 20% CR, and from the third week forward, a 30% CR level (Ribeiro et al. 2009 ). Micronutrient enrichment was not performed for the CR group along the study. The food consumption data were collected daily during the experiment. Body weight data were collected once a week.
Mice in the rapamycin group received rapamycin (4 mg/kg bw) intraperitoneally (InLab, Brazil), every other day for 93 days (Fang et al. 2013; Wilkinson et al. 2012) . Rapamycin, diluted in dimethyl sulfoxide (DMSO), was added to a solution containing sorbitan monolaurate (PEG) and polysorbate (Tween 80%) (Fang et al. 2013) . A placebo solution without rapamycin made with the same vehicles as the rapamycin diluent was administered intraperitoneally every other day for 93 days in mice from the control and CR groups.
At the end of the 93-day period, all mice were euthanized. After a four hour fast, mice were anesthetized with isoflurane and submitted to cardiac puncture exsanguination followed by cervical dislocation. The mice were dissected, and the ovaries collected. One ovary was kept at − 80°C for RNA extraction and another in 10% formalin solution for histological analysis. During dissection, abdominal visceral fat was removed and weighed.
Insulin tolerance test and glucose tolerance test
Insulin tolerance test (ITT) and glucose tolerance test (GTT) were performed 85 days after the beginning of treatments. Six mice from each group were used for each test. For the ITT, 1 IU/kg body weight of insulin was administered intraperitoneally after two hour of fasting. The blood was collected through a small incision at the tip of the tail at 0, 5, and 20 min after insulin injection, and glucose levels were measured with a glucose meter (AccuChek Activ, Roche Diagnostics®, USA) (Fang et al. 2013) . The constant rate for glucose disappearance (KITT) was calculated by converting glucose values to percentage, considering glucose level at 5 min as 100% for each animal, then applying the formula (T20 − T5)/15 (De Barros et al. 2012) . KITT was expressed as percent per minute. For the GTT, 2 g glucose/kg body weight was administered intraperitoneally after 12 h of fasting. Blood was also collected through a small incision at the tip of the tail at 0, 15, 30, 60, and 120 min after glucose injection, and glucose levels were measured with a glucose meter (AccuChek Activ, Roche Diagnostics®, USA) (Bennis et al. 2017 ).
Histological analysis
The ovaries were removed from the 10% buffered formaldehyde, dehydrated in alcohol, cleared in xylol, and embedded in paraffin. The paraffin-embedded ovaries were sequentially cut into a 5-μm thickness in a semiautomatic microtome (RM2245, Leica Biosystems Newcastle Ltd., Newcastle Upon Tyne, UK). All ovaries were serially cut, and one of every six sections was selected and placed on a standard histological slide Myers et al. (2004) . The slides, after drying at 56°C for 24 h, were stained with hematoxylin-eosin and mounted with coverslips and synthetic resin (Sigma Chemical Company®, St. Louis, USA). Images of the ovarian sections were captured by a Moticam 5.0 digital camera (Motic®, Hong Kong, China) coupled to a Nikon Eclipse E200 microscope (Nikon Corporation, Tokyo, Japan) using 4, 10, and 40× lenses. Follicular classification and counting were performed using images from the 40× lenses.
Five ovaries from each group were used for follicle counting. Only follicles with a clearly visible oocyte nucleus were counted. The final number of follicles was multiplied by two to mimic the number of follicles in two ovaries and multiplied by six to account for the sampling by section. The protocol used for follicle classification was based on Myers et al. (2004) . Briefly, a primordial follicle contains an oocyte surrounded by a single layer of squamous granulosa cells. The transition follicle has at least one cuboid granulosa cell. The primary follicle has an oocyte surrounded by a single layer of cuboid granulosa cells. A follicle was determined to be a secondary when surrounded by more than one layer of granulosa cuboid cells without visible antrum and as tertiary if an antral space was clearly defined and a follicular layer of granulosa cells surrounded the oocyte. For measurement of oocyte and follicle size, three images of primordial follicles, transition follicles, and primary follicles per mouse were selected using Motic 2.0 software for measuring the diameter of the oocyte nucleus, oocyte, and whole follicle. Additionally, the number of granulosa cells around these follicles was counted. Representative images of each follicle type are shown in Fig. 1 .
RNA extraction and gene expression analysis
Total ovarian RNA extraction was performed using the guanidine isothiocyanate reagent protocol (Trizol, Invitrogen, Carlsbad, USA) associated with a column purification kit (Quiagen, Hilden, Germany) according to the manufacturer protocols. RNA concentration was measured using spectrophotometer (NanoDrop Lite, Thermo Fisher, Waltham, USA), and all samples were adjusted to a final concentration of 200 ng/μL. In addition, the purity of the samples was checked by the absorbance rate 260/280 nm.
Complementary DNA (cDNA) was synthesized from 1 μg of total RNA using commercial kit (iScript cDNA Synthesis Kit, Bio-Rad, Hercules, CA, USA), following the manufacturer's recommendations. Real-time quantitative PCR (RTq-PCR) was performed using GoTaq® qPCR Master Mix (Promega, Madison, WI, USA) on a StepOne 7500 RT-PCR equipment (Applied Biosystems, Foster City, CA, USA). For each assay, 45 cycles (95°C for 15 s and 60°C for 60 s) were run and a dissociation curve was included at the end of the reaction to verify the amplification of a single PCR product. β-2 Microglobulin (β2m) and beta actin (Actb) genes were used as endogenous controls. The following target genes were evaluated, for ovarian reserve: growth differentiation factor 9 (Gdf9), anti-Mullerian hormone (Amh), and bone morphogenetic protein 15 (Bmp-15), and for activation of primordial follicles: protein kinase B (Akt1), phosphoinositide-3-kinase (Pi3k), mechanistic target of rapamycin kinase (Mtor), Forkhead box protein O3 (Foxo3a), phosphatase and tensin homolog (Pten), proto-oncogene receptor tyrosine kinase (Kit), and Kit Ligand (Kitl). The primer sequences are shown in Table 1 .
The relative expression was calculated from the equation 2 A-B /2 C-D (where A is the threshold value of the cycle [Ct] for the gene of interest in the first control sample; B, the Ct value for the gene of Ct; C, the geometric mean of the Ct values for the β2m and Actb genes in the first control sample; and D, the Ct mean for the β2m and Actb genes in the sample analyzed) (Masternak et al. 2005) . The results are presented as mean ± standard error of the mean. Statistical analysis was performed using GraphPad Prism 6.0 software. The one-way ANOVA statistical test was used for analysis of continuous variables (follicle count, follicle diameter, oocyte diameter, oocyte nucleus diameter, KITT, and gene expression) with the Tukey post-hoc test to compare individual means. The repeated measures ANOVA test was used for the analysis of food consumption, body weight, and glucose levels during TTI and TTG also using the Tukey post-hoc test to compare individual means. Values of P lower than 0.05 were considered as significant and tendency between 0.05 and 0.10.
Results
There was no difference in food consumption between rapamycin and control groups ( Fig. 2a ; P > 0.05). Food consumption for the CR group was about 30% lower than for rapamycin and control groups ( Fig. 2a ; P < 0.05). Body weight was lower in the CR than control and rapamycin groups ( Fig. 2b ; P < 0.05), and no difference between rapamycin and control groups was observed ( Fig. 2b ; P > 0.05). Abdominal visceral fat depot weight was lower in CR than control and rapamycin groups (P < 0.05; Fig. 2c ). No difference in fat depots between control and rapamycin groups was observed (P > 0.05; Fig. 2c ).
In the GTT, the highest glycemic levels were observed in the rapamycin group compared to control and CR groups (P > 0.05; Fig. 2d ). In the ITT, CR mice had increased insulin sensitivity, indicated by the lower glycemic levels observed for the CR group compared with rapamycin (P = 0.001). Additionally, the CR group had a lower glycemic level 20 min after insulin injection than the rapamycin group (Fig. 2f ) and the KITT was twice as high in the CR than rapamycin group and 1.5 times higher than in the control group ( Fig. 2e ; P = 0.0006 and P = 0.01, respectively).
The analysis of the ovarian follicular population is shown in Fig. 3 . Mice from the CR and rapamycin group had twice the number primordial follicles as in the control group (P = 0.02 and 0.04, respectively; Fig.  3a ). For the transition follicles, there was no difference among groups (P = 0.08); however, the rapamycin group tended to have fewer transition follicles than the control group (P = 0.06; Fig. 3b ). The number of primary and secondary follicles was lower in the CR and rapamycin groups than in the control group (P < 0.05; Fig. 3c and d) . The CR group had fewer tertiary follicles than the control group (P = 0.005), although the rapamycin group only had a tendency to have fewer tertiary follicles than the control group (P = 0.06; Different letters indicate difference between groups (P < 0.05). Values were plotted as mean ± standard error of the mean. Twelve mice/group were used for this analysis Fig. 3e ). Also, a tendency towards fewer tertiary follicles in CR than rapamycin group was observed (P = 0.06; Fig. 3e ). For the total number of follicles ( Fig. 3f ), there was no difference among control, CR, and rapamycin groups (P > 0.05). Primordial follicle oocyte and nucleus diameter were greater in CR than control or rapamycin groups (Table 2 ; P < 0.05). Transition follicle diameter was reduced in rapamycin-treated mice, compared with controls (P = 0.005). For primary follicles, oocyte and follicle diameter were reduced in CR (Table 2 ; P < 0.05), as was the number of granulosa cells (Table 2 ; P = 0.002).
Relative expression of genes related to the ovarian reserve and mTOR signaling pathway is represented in Fig. 5 . Relative expression of genes related to the PI3k signaling pathway is represented in Fig. 5 . Foxo3a expression was higher in CR and rapamycin groups compared with the control group ( Fig. 5c ; P = 0.02 and 0.015, Fig. 3 Analysis of the mean number of follicles at different stages of growth. Primordial (a), transition (b), primary (c), secondary (d), tertiary (e), and total follicles (f) for control, rapamycin, and caloric restriction (CR) groups. Different letters indicate statistical difference (P < 0.05). Values were plotted as mean ± standard error of the mean. Six mice/group were used for this analysis respectively). Akt1 gene expression ( Fig. 5b ) was lower (P = 0.009) in CR mice compared with the rapamycin group. There were no changes in Amh expression ( Fig. 4a ; P = 0.33), Gdf9 ( Fig. 4b ; P = 0.51), Bmp-15 ( Fig. 4c ; P = 0.25), Kit ( Fig. 4d ; P = 0.47), Kitl ( Fig. 4e ; P = 0.35), Mtor ( Fig. 4f ; P = 0.51), Pi3k ( Fig. 5a ; P = 0.14), and Pten ( Fig. 5d ; P = 0.26) among groups.
Discussion
Our study compared the effects of CR and rapamycin in the ovarian aging of mice. Both CR and rapamycin reduced primordial follicle activation in a very similar magnitude and lead to increased ovarian Foxo3a expression. Despite the similar effects on ovarian aging, CR was associated with reduced body weight, abdominal visceral fat depot, and increased insulin sensitivity. Rapamycin did not alter body weight or visceral fat and decreased insulin sensitivity. These results are interesting as there are no previous studies comparing both treatments and the similarity in the ovarian effects in this short-term treatment. Despite the divergence in systemic metabolic effects, these observations demand more detailed studies to understand the mechanisms of action.
Our results showed that, while CR and rapamycin groups had twice as many primordial follicles, the number of primary and secondary follicles was reduced to half in these groups, compared with controls. This suggests a very similar decrease in the rate of primordial follicle activation in both the CR and rapamycin groups. Zhang et al. (2013) reported an increased number of primordial follicles in rats after rapamycin treatment at a similar dose and duration as in our study. However, different from our study, females treated with rapamycin had lower food consumption and lower body weight when compared to the control group . Similarly, other research groups have shown an increase in the number of primordial follicles in CR females (Li et al. , 2011 Wang et al. 2014) . It is interesting to note that the extent of primordial follicle preservation was very similar between the 30% CR and 4 mg/day of rapamycin. We are not aware of previous studies comparing both treatments directly. Therefore, CR and rapamycin treatment had a beneficial effect on preserving the ovarian reserve despite divergent effects on the metabolism. Overall, there was no difference in the total number of follicles among groups as treatments were not long term, demonstrating that both treatments had no overall effects in the number of follicles. Rather, our study suggests that treatments affected only the proportion of follicles in each stage of development, reflecting reduced primordial follicle activation. Besides to preserving the ovarian reserve, rapamycin is known to reduce oxidative stress (Nacarelli et al. 2018) . Additionally, even short-term treatments can have positive effects on healthspan Fig. 4 Analysis of the relative gene expression of ovarian genes of control, rapamycin, and caloric restriction (CR) mice. a Antimullerian hormone (Amh). b Growth factor and differentiation 9 (Gdf9). c Bone morphogenic protein 15 (Bmp-15). d Protooncogene receptor tyrosine kinase (Kit). e Kit Ligand (Kitl). f
Mammalian target of Rapamycin (Mtor). Different letters indicate difference between groups (P < 0.05). Values were plotted as mean ± standard error of the mean. Six mice/group were used for this analysis (Urfer et al. 2017 ) and even reverse aging-related diseases in older mice . Therefore, these short-term treatments used in our study can have longlasting effects on somatic and gonadal aging. As demonstrated before, short-term treatment of young and middleaged mice with rapamycin improved fertility rates in later in life (Dou et al. 2017) , similarly to the observed for mice under CR with preserved fertility later in life when ad libitum fed mice were already infertile (Selesniemi et al. 2008) . Along with the lower rate of primordial follicle activation, we observed that expression of Foxo3a was higher in the CR and rapamycin groups compared to the control group. The nuclear presence of Foxo3a in its nonphosphorylated form is essential to maintain primordial follicles in their quiescent stage, preserving the ovarian reserve (John et al. 2009 ). The increase in Foxo3a expression can explain the reduced activation of primordial follicles observed in the present study for both CR and rapamycin groups. The same results were also observed in GH-deficient df/df mice (Schneider et al. 2014b ) that have a series of physical and metabolic characteristics that resemble mice submitted to CR (Bartke and Brown-Borg 2004) . It has previously been shown that df/df mice have three times more primordial follicles than normal littermates (Saccon et al. 2016; Schneider et al. 2017) . The increased ovarian reserve is accompanied by increased ovarian Foxo3a gene expression and decreased phosphorylation of Foxo3a protein (Schneider et al. 2014b ). Phosphorylation of Foxo3a leads to its removal from the nucleus and the irreversible activation of the primordial follicles . Therefore, these three models of delayed ovarian aging, GH-deficient df/df, CR, and rapamycin treated mice, have an increased ovarian Foxo3a expression, although through different metabolic systemic effects and intracellular signaling pathways, further reinforcing the essential role of Foxo3a in the preservation of primordial follicles in the quiescent stage. Further studies modulating ovarian Foxo3a may confirm its central role on fertility preservation. In the present study, the oocyte and follicle size were reduced, as well as the number of granulosa cells was lower in primary follicles of CR mice. No previous studies measuring oocyte and follicle size after treatment with CR or rapamycin were found in the literature. However, in a similar way, a previous paper from our group indicated that transgenic bGH mice had a reduced primordial follicle reserve associated with increased primary oocyte and follicle size (Saccon et al. 2016 ). Zhang and Liu (2015) suggested that an increased number of granulosa cells in primordial and primary follicles could indicate a greater tendency of the follicles to become active leading to oocyte growth and consequent exit from the ovarian reserve. Stimulation of mTORC1 signaling in granulosa cells of primordial follicles leads to the differentiation and proliferation of these surrounding cells and, consequently, stimulates growth of quiescent oocytes (Zhang and Liu 2015) . Primordial follicle activation is associated to transition from flattened to cuboidal cells (Lintern-Moore and Moore 1979). The transition to cuboidal cells is associated to increased number of metabolically active granulosa cells surrounding the oocyte, where at four or five cells, the majority of oocytes were quiescent, and at around nine cells, the majority were activated (Lintern-Moore and Moore 1979). Therefore, the fact that primary follicles from CR mice have fewer granulosa cells and oocytes are smaller suggests that an effect on surrounding granulosa cell growth could be responsible for the lower activation of quiescent primordial follicles.
There was no difference in the regulation of Kit, Kitl, Mtor, Amh, Gdf9, and Bmp-15 gene expression among groups in the present study. It is known that blocking of the Kit gene resulted in disturbances in the activation of primordial follicles (Yoshida et al. 1997) , showing the essential role of the KIT/KITL system in follicle transition. A lower expression of Kitl as well as of Mtor could be expected in the rapamycin group, since the mTOR/KITL/AKT/FOXO3a pathway is less activated after inhibiting Mtor. These genes are activated differently depending on the stage of oocyte development (Celestino et al. 2009 ). Therefore, the use of the entire ovary for the gene expression analysis could also have an influence, not allowing us to understand the regulation specifically in primordial follicles. For Amh expression, the use of the whole ovary may also have been a factor, as it is known that AMH is a hormone released not only by primordial follicles but also by primary and secondary follicles (Skałba et al. 2008 ). Therefore, as we observed increased primordial follicles, but decreased numbers of primary and secondary follicles and the number of small and total follicles did not change in the ovary of these mice, AMH may not be a very specific marker for the reserve of primordial follicles. The same factor could account for the dilution in the effect for other tested genes specific in primordial follicles versus the whole ovarian tissue. Therefore, more functional studies are needed to understand the activation of the Pi3/Akt and mTOR pathways in primordial follicles.
Finally, as expected, weight gain and food consumption were lower in the CR group, since there was an intentional reduction in food supply. Rapamycin did not affect food consumption or weight gain. Previous studies have demonstrated an effect of rapamycin on body weight and food consumption dependent on the duration of treatment (Fang et al. 2013) . Additionally, the rate of weight gain decreases proportionally to the dose of rapamycin (up to 8 mg/kg) (Johnson et al. 2015) . However, the dose and duration of treatment with rapamycin in the current experiment did not change these parameters. Regarding insulin and glucose sensitivity, we could observe that CR mice were more sensitive to insulin as showed before (Wiesenborn et al. 2014) . CR mice had reduced visceral fat content in our study, and it is suggested that increased plasma levels of adiponectin, due to decreased body fat, may contribute to this increased insulin sensitivity (Nikolai et al. 2015) . On the other hand, females treated with rapamycin had reduced glucose tolerance. The effect of rapamycin on glucose metabolism is dependent on the length of the treatment. Fang et al. (2013) noted improvement in glucose metabolism only after 20 weeks of rapamycin treatment, while our study treatment lasted 13 weeks and detected some changes in glucose metabolism. The effect of rapamycin on insulin resistance has been associated with inhibition of insulindependent signaling pathway (Deblon et al. 2012) . It is interesting to notice that although rapamycin treatment had divergent effects from CR regarding insulin sensitivity, the overall effect on the activation of primordial follicles was very similar. This is interesting also considering that both CR and rapamycin mice had increased expression of ovarian Foxo3a expression, suggesting it is an insulin-independent effect. Therefore, more studies are needed in order to understand the mechanisms that can contribute to preservation the primordial follicle reserve without affecting whole body metabolism.
In conclusion, mice submitted to CR or rapamycin treatment for 3 months had decreased activation of primordial follicles, despite divergent effects on systemic metabolism. Female mice treated with rapamycin did not change food consumption, visceral fat, or body weight gain and became intolerant to glucose, but CR mice had lower weight gain, reduced visceral fat, and increased sensitivity to insulin. Both treatments increased ovarian expression of Foxo3a, a known regulator of primordial follicle activation, suggesting a consistent effect between treatments. Our results with CR and rapamycin, along with previous findings in GH-deficient Ames dwarf (Saccon et al. 2016 ) and GH receptor knockout mice (Schneider et al. 2014a) , show a strong relationship between longevity and ovarian aging. This suggests that interventions that extend lifespan might work through improvement of reproductive organs. Further studies are needed to investigate other dietary or pharmacological strategies involved in the longevity and delay of ovarian aging, as well as the intracellular signaling pathways involved in this process.
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